[1] The Voyager data show a decrease in temperature in the inner heliosphere, an increase in temperature from 30-50 AU, a decrease from 50 -63 AU, followed by another increase from 63-68 AU. Models of pickup proton heating predict a monotonic temperature rise beyond about 30 AU but do not account for the smaller scale (few AU) temperature variations. At 1 AU, the solar wind temperature is a strong function of the solar wind speed. We find that incorporating a temperature dependence on speed into the pickup proton heating results can reproduce much of the smaller-scale temperature variation observed out to 68 AU. The same speed-temperature dependence provides good fits to data from both the outer heliosphere and from near Earth. Since a large fraction of the proton energy results from heating, this work implies that the heating rate is a function of the speed.
Introduction
[2] The temperature of the solar wind is determined by a number of competing effects. The temperature at the source is important, with high speed wind generally having higher proton temperatures [Neugebauer and Snyder, 1966; Strong et al., 1966] . Numerous processes affect the temperature as the solar wind moves outward: adiabatic cooling, heating due to stream interactions and shocks, dissipation of waves, and transfer of energy from pickup protons to the thermal protons.
[3] Several authors have fit the speed-temperature relation at 1 AU using the form T 1/2 = AV + B where A and B are constants [Burlaga and Ogilvie, 1970; Pizzo et al., 1973; Lopez and Freeman, 1986] . Values for A and B range from 0.031 to 0.036 and À3.3 to À5.6, respectively, for speeds less than 500 km/s, where T is in 10 3 K and V is in km/s. For speeds over 500 km/s, the form T = AV + B fits the data well [Lopez and Freeman, 1986] . Lopez [1987] showed that this relationship is stable over a solar cycle.
[4] The solar wind temperature decreases away from the Sun with a 1/R 0.5À0.7 dependence out to about 40 AU [Gazis et al., 1994; Richardson et al.,1995] . From 30 to 50 AU the temperatures increase, then decrease to 63 AU, then start to increase again (see Figure 1) . Smith et al. [2001] test the theory of Matthaeus et al. [1999] using the Voyager 2 and Pioneer 11 data sets and show that this model gives a reasonable fit to the proton temperature radial profile normalized to 1 AU. In this model, some of the free energy obtained by scattering the pickup protons into a shell distribution heats the thermal protons. The total energy available is roughly V A /V times the initial pickup proton energy, where V A is the Alfvèn speed and V is the solar wind speed. Only about 4% of the available energy from this source is needed to provide the observed heating. Wang and Richardson [2001] use a three-fluid, 1-D MHD model and assume a constant percentage of the pickup proton energy goes into heating the thermal protons. They get a good fit to the average radial temperature profile if 5% of the pickup proton energy is transferred to the hot ions; note that this result implies the addition of substantially more energy than the Smith et al. [2001] model. These models both predict an initial decrease in temperature, followed by a monotonic temperature increase as pickup proton heating becomes important in the outer heliosphere. They do not reproduce the finer-scale temperature structure.
[5] In this paper, we combine the general heating theory results and a speed-temperature dependence to match the temperature profile observed by Voyager 2 from 1 to 68 AU. We also compare the speed-temperature relation in the outer heliosphere with that near Earth. This approach removes the difficulty of normalizing temperatures to 1 AU given the uncertainties introduced by solar wind propagation times and positional differences of the spacecraft, replacing these uncertainties with the assumption that the solar wind speed-temperature relation stays fixed at all distances and latitudes.
Data and Model Comparison
[6] The Voyager PLS instrument observes solar wind protons simultaneously in three Earthward pointing Faraday cups over an energy range of 10-5950 eV with an energy resolution ÁE/E of 3.6% [Bridge et al., 1977] . The spectra are fit with Maxwellian distributions to determine the thermal proton temperature.
[7] IMP 8 is a spinning spacecraft in a nearly circular Earth orbit with an average distance of about 30 Earth radii. Temperatures are derived from a non-linear leastsquares fit of the Faraday Cup plasma data to a Maxwellian distribution.
[8] Figure 1 shows 101-day running boxcar averages of the proton temperature observed by Voyager 2 plotted versus radial distance. The temperature decreases rapidly GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 5, 1206 , doi:10.1029 /2002GL016551, 2003 Copyright 2003 by the American Geophysical Union. 0094-8276/03/2002GL016551$05.00 in the inner heliosphere, has a broad minimum from 20 to 30 AU, increases to 50 AU, decreases from 50 to 63 AU, and in the most recent data increases again. The dot-dash line shows the adiabatic temperature profile; since the observed temperatures lie above this curve, substantial heating must occur even in the inner heliosphere, probably from stream interactions and shocks. The increase in temperature outside 20-30 AU is likely due to transfer of energy from pickup protons to the thermal protons. The dashed line shows the results from the Smith et al. [2001] model for a case which gave a reasonable fit to the data (the f d = 0.04 case from their Figure 7c ). The model profile shows a broad minimum at 20 -30 AU followed by a monotonic temperature increase.
[9] Although these models match the gross shape of the temperature profile adequately, the smaller scale structures must have a different source. We hypothesize that, although the plasma in the outer heliosphere has been processed extensively by shocks and other stream interaction effects, the speed-temperature relation observed at Earth is still present in the outer heliosphere. We test this hypothesis by superposing a linear speed-temperature relation on the Smith et al. V is the average solar wind speed (443 km/s) observed by Voyager 2, and the constants are chosen to give a good match to the data. Many of the features with scales of a few AU are reproduced as is all of the larger scale structure. A few regions are not well fit, for example the region near 50 AU which corresponds to the 1996 solar minimum. The correlation coefficient between this curve and the data is 0.85.
[10] Since the speed-temperature relation seems to hold even past 60 AU, we compare the relation observed at Earth with that observed at Voyager 2. Figure 2 shows the IMP 8 and Voyager 2 data plotted versus time; we normalized the temperatures by dividing the IMP 8 temperatures by the mean observed temperature and by dividing each Voyager temperature by the Smith et al. [2001] model temperature for that distance (solid line). The dotted trace shows a linear function of the normalized speed, where we have chosen a function which gives a good fit to the observed temperature profile. (Note that the linear function is represented in the graph by the use of a different scale for V/ " V (right axis) than for T/ "
T (left axis)). The function V/ " V * 3 À 2 provides a good match to the temperature profiles observed in both the inner and outer heliosphere. The correlation coefficients between the curves are 0.86 for the IMP 8 data and 0.63 for the Voyager 2 data.
[11] We used linear speed-temperature dependences in these plots as they fit the data well. As stated in the introduction, other authors have found a T 1/2 / V dependence, particularly for low speed solar wind. We tried a range of parameters, T 0.3À1.2 / V, but none does a significantly better job of fitting the data than the T / V dependence we use. We note that this work uses 101-day average temperature data, whereas the other relations in the literature were derived using hourly average data, which could lead to the different dependences.
Discussion and Summary
[12] Almost all the thermal energy of the protons in the outer heliosphere results from heating, which is obvious if one compares the adiabatic profile and the data in Figure 1 . Thus one might expect the temperature-speed relation initially imposed at the Sun to diminish in importance with distance. The data show, however, that this relation is maintained past 60 AU, implying that the heating is a function of speed.
[13] Smith et al. [2001] tried to remove the effects of the initial boundary conditions for the observations by normalizing solar rotation averages of Voyager 2 and OMNI (1 AU) data. As they point out, normalization between spacecraft at different latitudes can be problematic, especially near solar minimum. The heating model is nonlinear, so the boundary or initial conditions affect the solution in subtle ways. Also, they use one set of initial conditions for each curve whereas the observed solar wind varies with time. To fully test their theory, we would need to run the analysis for each 1 AU boundary condition (for each Voyager point) to see if the variations in initial conditions propagate outward to the Voyager observations. That would show whether the predicted heating were dependent on initial conditions.
[14] The temperature structure of the solar wind is determined by many factors, including adiabatic cooling, stream-interaction heating, pickup proton heating, and variations in the initial temperature at the solar wind source. We find that most temperature variations on time scales of greater than a few solar rotations are well matched by a model combining radial temperature variation and a speedtemperature dependence. The same linear dependence fits both the 1 AU and Voyager 2 data, despite the fact that significant processing of Voyager 2 data occurs before it reaches the outer heliosphere; over the 101-day scales used here the average solar wind properties are not affected by this processing. The solar wind speed decreases due to the effect of pickup protons [Wang et al., 2000] , but adjusting the speeds to compensate for this effect did not improve our fit to the data. The excellent fit to the radial temperature profile suggests the physics driving these models wellrepresents the actual physical processes.
